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SELECTION OF PUMPS AND DESIGN OF HIGH VOLUME 
LOW HEAD PUMPING STATIONS 


by George F. Snodgrass 
Civil Engineer, U. S. Army Corps of Engineers 


ABSTRACT 


The design of pumping stations for drainage work involves the selection 
of the correct type of pump from the very wide class of pumps utilizing cen- 
trifugal action, and determining whether to mount the pump vertically or 
horizontally, and then having decided these proceeding with the design of the 
intake and discharge system keeping in mind how you intend to power the 
pump and transmit the power from the prime mover to the pump shaft. Many 
of the decisions above can be reached utilizing just ‘‘good judgement’’, but 
the majority depend upon almost endless investigation, economic studies, 
etc., not to mention foundation investigations, seepage tests, and similar 
seemingly related subjects which enter into the problem. When completed, 
you should have a sound plan capable of some flexibility in operation from 
design conditions and economical from a first cost and annual cost basis, 

and which lends itself to operation by ordinary skilled labor. 


I. INTRODUCTION 


The Central and Southern Florida Flood Control project contemplates the 
construction of eight major pumping stations and one minor one. Each sta- 
tion is to be capable of removing three-quarters of an inch of run-off from 
the acreage of its tributary area. The nominal pumping heads of all the sta- 
tions can be considered low, varying from four to thirteen feet. The eight 
major stations have capacities varying from 2900 to 4800 c.f.s. and are the 
ones discussed herein. 

The head of water on the pump is of great importance in the selection of 
the type of pump to be employed. For instance in the Central Valley of 
California the six pumps of the Tracy Plant pump 2,000,000 g.p.m. (4400 
c.f.s.) against a head of 197 feet. This is accomplished by 84-inch, single- 
stage centrifugal pumps powered by 22,500 horsepower motors. On the 
C&SF project where the pumps are of similar capacity the use of axial-flow 
pumps is indicated. The two illustrations above represent part of the range 
within which centrifugal pumps suitable for drainage work fall. Within this 
range are mixed-flow pu.nps which have the combined characteristics of 
both the centrifugal and axial-flow pumps, the degree of either characteris- 
tic being determined by the shape of the impeller. 


Il. TYPES OF PUMPS 


The characteristics of the pumps discussed above vary widely within the 
range of design from centrifugal to axial flow; the centrifugal pump having 
a low cut-off head and the axial-flow pump a high cut-off head. However, 
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without going into technicalities, for high volume application it is well known 
that within the general head ranges below the following types of pump are 
used. 


Head- Feet Type Relative Cost 


Over 30 Centrifugal Highest 
10- 50 Mixed flow 
2- 30 Axial flow Lowest 


It will be seen from the above that on the C&SF project where the pump heads 
vary from four to thirteen feet that the more costly centrifugal pump can be 
eliminated and the selection narrowed down to the mixed-flow versus axial- 
flow pump. 

In figure 1 there is shown a typical performance curve for a mixed-flow 
impeller pump, and in figure 3 is shown the typical performance curves for 
axial-flow propeller pump. In both cases the abscissa and ordinates are ex- 
pressed in percentage of values at the maximum efficiency point and are ex- 
pressed in terms of total dynamic head. An examination of the charts indi- 
cate that either pump appears to have good characteristics for solving the 
problem of pumping drainage or flood waters, and that the mixed-flow pump 
has a less steep head capacity curve, a lower cut-off value, and a flatter 
brake horsepower curve when approaching cut-off, while the axial-flow pump 
has a steep head capacity curve, a higher cut-off value and a brake horse- 
power curve which at cut-off requires 250% of the power at the best efficiency 
point. 

The pump illustrated by figure 1 has a specific speed of approximately 
6250 on a g.p.m. basis. The pump illustrated by figure 3 has a specific 
speed of approximately 11,000. While the efficiency curve of a low specific 
speed centrifugal pump, when plotted against capacity, is flatter than that of 
a propeller pump, it must be remembered that low head pumps are used 
mostly when the head varies as a result of suction level variation (in our in- 
stance due to variation of canal inflow and variations in the discharge pool 
resulting from seasonal changes in storage level, etc.) and maximum ca- 
pacity is usually wanted at any head. In this case axial-flow propeller pumps 
with steep head-capacity curves have a definite advantage and will deliver 
more water within a given head range, and at a better efficiency than mixed- 
flow centrifugal pumps. This is illustrated by the two curves shown in 
figure 2 which show that when efficiency is plotted against head the higher 
specific speed pumps have a flatter efficiency curve. 

Referring back to figures 1 and 3, it is seen that for pumps driven by 
synchronous electric motors the head horsepower relationship is more sat- 
isfactory for the mixed-flow pump than it is for the axial-flow pump, be- 
cause in the case of the mixed-flow pump the horsepower throughout the 
full range of capacity usually dces not exceed 125% of the horsepower re- 
quired at the best efficiency point (b.e.p.) while in the axial-flow pump the 
horsepower at cut-off is approximately 250% of that at the b.e.p. However, 
for pumps driven by internal combustion engines, satisfactory and safe 
operation of axial-flow pumps is possible because the variations of head, 
capacity, and brake horsepower with pump speed follow definite rules known 
as affinity laws which are favorable to this combination. When applied to 
every point on the pump head capacity curve these laws state: ‘‘When speed 
is changed, capacity varies directly with the speed, the head varies as the 
square of the speed and the brake horsepower varies with the cube of the 
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speed.’’ The brake horsepower output of a diesel engine can be considered 
directly proportional to the rotative speed (constant B.M.E.P.). Should the 
head on the pump increase during operation to a point requiring more power 
than the engine can deliver, the engine will slow down and its power output 
will decrease proportional to the speed, while the power required by the 
pump, which slows down proportionately, drops off as the cube of the speed. 
It is thus evident that with oil engines driving pumps they may be operated 
safely at full power. 

Axial-flow propeller pumps are less costiy than mixed-flow pumps be- 
cause the pump casing is less complicated and lighter in weight, occupies 
less space, etc. The efficiency of the axial-flow pump, although probably 
slightly below that of a mixed-flow pump, is considered good and over-all 
economics dictated its use on the C&SF project. 


Ill. AXIAL- FLOW PUMPS 


In the design of the pumps for a low head installation the various friction 
and other losses in the system are generally of such a magnitude as to be of 
great importance because percentagewise they represent a substantial part 

of the total head. Care must be taken to keep all losses as low as is econom- 
ically feasible and to recover all possible energy put into the water by the 
pumps by utilizing a siphon discharge system. 

Figure 4 shows the basic axial-flow pump which consists of the pump 
barrel, the impeller (or propeller) and diffuser. The vanes or blades are 
usually of fixed pitch but may be variable. The same basic pump may be 
used as a vertical pump or as a horizontal pump, and in this instance the 
drive shaft may be on either the intake or suction side. Basic pumps have 
been tested giving efficiencies as high as 93% on a total dynamic head (T.D.H.) 
basis. The hydraulic thrust is usually carried to a bearing outside of the 
water column. 

Economic studies of various means of powering the pumps, including elec- 
tric motors utilizing purchased power, concluded that with the load factor 
indicated (equivalent to 52 days of operation at full capacity per year) diesel 
engines were the most economical. Oil engines also made possible the use 
of variable speed operation of the pumps, a factor of great importance as 
will be discussed later. 

It is considered good practice in designing pumping stations to install not 
less than 3 pumps in any primary station so that at least 66% of capacity is 
available when one unit is down for repairs. Considering that the economic 
life of a station is 50 years, the wisdom of this is apparent. 

Economic studies have shown that on a c.f.s. basis, larger pumps are less 
expensive than smaller ones and that, all other factors being equal, the pumps 
should be as large as possible within the range of suitable power transmis- 
sion systems. The pumps, power <ransmission systems and prime movers 
should also be within a range where competition between manufacturers 
exists. 

It has been determined that pumps within the range of 730 to 960 c.f.s. 
meet all the requirements discussed above. Pumps of this size have rotative 
speeds between 105 and 145 r.p.m., a range well below that of modern diesel 
engines so that it is necessary to employ some form of power transmission 
system for speed changes between the engine and pump. 
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IV. POWER REQUIRED TO DRIVE PUMPS 


Having arrived at a tentative pump size, the power required to drive the 
pump must be determined. The head is determined by examining carefully 
the discharge bay hydrograph to arrive at the highest discharge pool eleva- 
tion at which pumping at rated quantity is to be conducted,or which is eco- 
nomically justified and also to determine the average discharge pool eleva- 
tion. It will also be necessary to study the sump water surface elevations 
and determine the water surface in the feeder canal when pumping the rated 
quantity of water. The difference in these two elevations determines the 
pool-to-pool head at the rated point. At one station (Pump Station 5A) these 
were: 


Maximum discharge pool elevation 19.4 m.s.1. 


Canal elevation drawdown 8.3 m.s.1. 
Head at rated point 11.1 feet 
Head at average pool (BEP) 9.2 feet 
Q (each pump) 800 c.f.s. 


Studies of several axial-flow pumps show that efficiencies in the pump 
alone should be within the range of 85 to 90 percent and a preliminary calcu- 
lation of losses of a low head pumping system from the sump pool through to 
the discharge pool indicate that these losses will be within the range of 1.5 
to 2.1 feet, including velocity head losses. Using a mean of the above, the 
total dynamic head is: 


11.1 + 1.8 = 12.9 feet 


The power required to drive the pump is then approximately: 


800 c.f.s. x 62.4x 12.9 = 1340 h.p. 
550 x 0.875 


The transmission loss in a speed reducer is about 3% of the power transmit- 
ted so that an engine of about 1385 B.H.P. is required. To allow for loss of 
power as the engine reaches a mature age, we allow another 5% which gives 
us about 1450 h.p. as a good preliminary figure. 

A diesel engine of this horsepower rating will have a rotative speed of 
from 275 to 850 r.p.m. as compared to the pump speed of 105 to 145. To re- 
duce from engine speed to pump speed requires a speed reducer. For opera- 
tion equivalent to only 52 twenty-four-hour days a year, the service factor of 
the transmission system can be fairly low considering that the load is almost 
shockless and the prime mover is muiti-cylinder. A service factor of 1.0 
considered adequate and 1.25 conservative. 

For the above horsepower several means of power transmissions can be 
employed, such as: 


Silent chain drives 
Right-angle gear drives 
Parallel-shaft gear drives 


The above drives have sufficient latitude to allow the consideration of the 
application of a basic axial-flow pump for both horizontal and vertical pumps. 
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It is believed that, from effeciency alone, there is little to choose between 
the two applications. 


V. HORIZONTAL OR VERTICAL PUMPS 


An axial-flow pump mounted horizontally can be driven from either the 
suction side or the discharge side, but for pumps working under a high suc- 
tion lift the shaft through the discharge column of water seems more de- 
sirable. For drainage work it is also desirable to have the invert of the 
pump barrel above both pool levels to facilitate inspection of the pump. The 
ultimate lift of water, from the drawn-down surface of the sump to the top of 
the highest part of the pump, should not exceed 20 feet for even the slowest 
specific speed pumps. The Standards of Hydraulic Institute chart for axial- 
flow pumps show safe limits of suction lift for various speed pumps. For 
instance our installation at station 5A, we have these conditions: 


N, = 10,920 
TDH = 13.0 feet at rated point 


The Hydraulic Institute Standards, in this instance, allow a suction lift, 
measured from the water surface in the sump to centerline of the pump, of 
13 feet. The actual installation is only 11.2 feet so the pumps can be con- 
sidered safe and should operate quietly and without cavitation. 

An axial-flow pump mounted vertically is usually of the wet pit type with 
the propeller submerged under usual operating conditions. This pump is 
then under a suction head and the pump may have a considerably higher 
specific speed and may be somewhat smaller than a horizontally mounted 
pump of the same capacity. The suction side of a submerged vertical pump 
is invariably equipped with a bell, the diameter of which is such that its area 
is approximately twice that of the impeller eye. 


VI. PREVENTION OF BACKFLOW 


Several means can be used to prevent backflow through the pumps when 
not operating. Gates can be employed in the discharge column, but due to 
the high cut-off heads of the axial-flow pump, the gates should be automatic 
opening. In the vertical pump application, with siphon, the lip of the siphon 
is usually placed above the highest tailwater elevation against which pumping 
is to be conducted. With both vertical and horizontal pumps during non- 
operating periods, the pump can be put under air pressure which will balance 
the head of water above the siphon lip or pump invert against the depression 
of water inside the suction system below the water level in the sump basin. 
This method is limited by the submergence of the suction bell and one pound 
of air pressure will baiance 2.310 feet of water at 62 degvees F. With hori- 
zontal pumps, this can be accomplished by piping the vacuum pumps to either 
discharge into or from the pumps. 


VII. SUCTION BAY WIDTH 


The pump is only a part of a pumping system and the hydraulic design of 
the system external to the pump is reflected in the over-all (pool to pool) 
economy of the station and things that adversely effect the performance of 
the pump should be guarded against. In multiple unit stations, especially 
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where vertical pumps are installed, the small floor space occupied by each 
unit is a temptation to reduce the size of the station by placing the units 
closer together. This results in poor flow of water approaching the suction 
bell of the pumps. 

The intake end of the suction system of the horizontal pump is eliptical in 
shape and considerably larger than the pump barrel. This is shown in the 
plan and section in figure 5. The intake end of the vertical pump consists of 
a bell as shown on figure 6. The width of the intake bay should be not less 
than twice the diameter of the bell to allow proper distribution of water ap- 
proaching the bell. This dimension may be decreased slightly if the sump 
floor is deep and increased slightly if the sump floor is shallow, but this 
usually results in some decrease in efficiency. 


VIII. SUBMERGENCE 


The vertical distance between the water surface elevation of the suction 
bay when pumping and the bottom of the bell or suction piece is termed sub- 
mergence. It should not be less than 5 feet for pumps of the capacity dis- 
cussed. This is to prevent vortices which originate at the impeller from 
reaching the water surface and allowing air to enter the pump. Submergence 
is a factor in determining the elevation of the sump floor as the distance be- 
tween the bottom of the bell or suction piece and the top of the suction bay 
floor should be not less one-half the diameter of the bell. This distance may 
be somewhat larger without sacrificing efficiency, but should rarely be less 
unless special devices, such as an umbrella, is installed. 


IX. OTHER CONSIDERATIONS 


The trash rack is the only screen provided to prevent material other than 
water from entering the pump. Water hyacinth, small pieces of wood and the 
like can easily pass through the pump so the openings in the trash rack can 

be approximately 5 inches wide. This will prevent floating objects such as 
dead animals, automobile tires, etc., from entering the sump. A power trash 
rack cleaner should be provided as shown in figure 5 and 6. The five-inch 
opening in the trash rack will cause a head loss of less than 0.1 feet as the 
velocities through the screen are less than 3 feet per second. 

The water enters the suction system of the pump at from 4 to 6 feet per 
second and is accelerated as the diameter of the bell or suction piece de- 
creases. The water column is ‘‘squeezed’’, which increases the pressure 
and very little difficulty is encountered on the suction side of the pump due 
to convergence. The water, when leaving the diffuser section of the pump, is 
traveling approximately 15 feet per second and unless the water column is in- 
creased in size the velocity head loss at exit is large. This expansion results 
in a decreasing piezometer pressure and unless accomplished correctly will 
result in a poorly operating discharge system. The discharge column for hor- 
izontal pumps may be expanded safely with approximately 8 degrees of diver- 
gence; for vertical pumps with siphons the expansion may be carried out as 
for the horizontal pump or in a manner shown in plan and section on figure 6. 
The latter is the result of model studies previously conducted by various pump 
manufacturers and the details thereof can be obtained from the pump manufac- 
turer. 

The discharge end of the pump should be at or below the minimum dis- 
charge pool elevation to insure priming of the horizontal pump and establish- 
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ing of a siphon in the vertical pump. 


X. VARIABLE SPEED OPERATIONS 


Referring back to figure 3, an unstable zone at approximately 150% of the 
head at the best efficiency point is noted. It is not considered good practice 
to operate an axial-flow pump in the unstable zone nor economical to operate 
at heads above it. On figure 7 is shown the characteristics of a 106-inch di- 
ameter axial-flow pump designed to pump 800 c.f.s. against a head of 11.3 
feet (pool to pool) at a rotative speed of 124 r.p.m. Head capacity curves are 
shown for speeds higher and lower than the design conditions, together with 
curves of equal efficiency and equal brake horsepower on the pump shaft. 
This pump is designed to operate at or to the right of the best efficiency point. 
It is seen that for heads lower than about 10 feet the pump cannot operate at 
peak efficiency when pumping the rated quantity of water and when running at 
rated speed, but likewise it is apparent that when the pump is slowed the ef- 
ficiency improves. The area of the chart enclosed by heavy lines shows the 
zone within which pumping can be conducted; the upper limit being the power 
available from the variable speed diesel engine driving the pump and the low- 
er limit the slowest rotative speed the pumps can be operated without getting 
into critical vibration in the engine and transmission system. 


XI. MODEL AND FIELD TESTS 


Because of the difficulty of measuring the large volume of water dis- 
charged by pumps of the size discussed, the results of an homologous model 
tested under prototype heads will probably be more accurate than a field 

test. For instance, a 16-inch model tested recently required about 35,000 
g-p.m. of water to be analogous to prototype. This relatively small quantity 
of water can be measured in the pump laboratory much more accurately than 
800 c.f.s. can be measured in the field. Likewise, the various head conditions 
can be reproduced in the model much better than in the field. 


XII. GENERAL 


The elements discussed above are the hydraulic and mechanical criteria 
which must be crystalized before the actual structural design is begun. On 
the basis of deductions reached in analysis, preliminary drawings are pre- 
pared for the purpose of obtaining machinery for the pumping plant. These 
drawings need only show elements of information necessary for the pump 
manufacturers to prepare their bids. 

The model testing, design and manufacture of pumps of this size require 
about 18 months; engines and transmission systems somewhat less and be- 
cause a substantial part of the pump is embedded in concrete when installed, 
ample time is available after the contract for machinery is consummated to 
complete the substructure and superstructure plans. 

The separate purchase of machinery is usually limited to: 


The pumps 
The pump prime movers 

The speed reducing transmissions 

The auxiliaries which directly pertain to the above. 
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A plant of the size discussed herein requires innumerable small electri- 
cal motors to drive vacuum pumps, air compressors, heat exchanger pumps, 
etc., and because of the fact that the electrical load of these cannot be accu- 
rately estimated until the main machinery is determined the procurement of 
auxiliary generating equipment, switchboards, etc., is deferred and included 
in the structure contract as delivery can be accomplished in less than a year. 

No unusual problems other than underseepage require special treatment 
in the design of the structure to house the pumps and auxiliary equipment. 
The vibration set up by the pump and engines are of relatively low frequen- 
cies and the foundation loads about 4 tons per square foot. These impose no 
problem on rock foundations, but for piling require special treatment to pre- 
vent the sand from moving under the structure. Mass concrete construction 
rather than cellular construction is preferred if the cost is within the same 
range. As with all hydraulic structures stability under all conditions must 
be provided. 
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